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A REVIEW OF FATIGUE RESEARCH I N  THE UNITED STATES 

By Herbert F. Hardrath 

NASA Langley Research Center 

Research on fatigue continues t o  occupy the in t e re s t  and a t ten t ion  of a 
large number of investigators i n  the  United States. The work t o  be reported 
here w i l l  be l imited t o  t h a t  conducted i n  Government Laboratories o r  under 
Government sponsorship and t o  studies tha t  may have reasonably d i rec t  applica- 
t i o n  t o  a i r c ra f t  structures.  
t h a t  sponsors the  investigations. 

The review i s  organized according t o  the agency 

References t o  t e s t s  of components or  structures of par t icu lar  a i r c r a f t  a r e  
generally omitted because of the tremendous volume of such information being 
gathered and because resu l t s  of such tests are not readily generalized. 

I. NASA RESEARCH 

A .  Supersonic Transport Materials 

A large share of the  work done at the  Langley Research Center during 
the  past 2 years has been devoted t o  the  behavior of materials suitable fo r  use 
i n  the  proposed U.S. supersonic transport .  
mental and t rea ted  a var ie ty  of t i t a n l m  alloy and s t e e l  sheet materials i n  a 
temperature range from -110' F ( 1 9 5 O  K) t o  550° F ( 5 6 1 O  K) . 

The studies were Largely experi- 

Crack propagation and residual s t a t i c  strength t e s t s  were conducted 
on 8-inch (2O.3-cm) wide specimens. when 
compared by strength-to-density ra t ios ,  the more favored materials i n  the  ser ies  
were more res i s tan t  t o  crack growth and s t a t i c  f a i lu re  than were the  currently 
used aluminum alloys.  
effect  on the  behaviors of the  b e t t e r  materials. In  these tests, the titanium 
a l loy  Ti-8Al-lMo-lV i n  the  duplex annealed condition generally had very desir- 
able properties (refs. 1 t o  4) .  
susceptible t o  salt stress corrosion. 
&&zted t n  evaluate t h i s  l a t te r  phenomenon i n  more de t a i l .  

The overall conclusions reached were: 

The temperatures used i n  the t e s t s  had only a minor 

This material i s  a l so  readily weldable, but i s  
Other intensive studies a re  being con- 

The ef fec ts  of prolonged exposure t o  elevated temperatures on the 
fat igue behavior of simple jo in t s  and notched and unnotched specimens have also 
been studied. 
deleterious e f f ec t s  ( r e f .  5 ) .  

Fkposures exceeding 24,000 hours have not produced s ignif icant  

A br i e f  review of these and other re la ted resu l t s  i s  presented i n  
reference 6. 

Under contracts with Battelle Memorial I n s t i t u t e  and Ling-Temco-Vought 
Corporation, additional data  were obtained on the  fat igue behavior of 
Ti-8Al-lMo-lV titanium a l loy  and AM 350 CRT al loy s t e e l  ( r e f s .  7 and 8). 
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Two new projects have been in i t i a t ed  t o  study fur ther  the long-time 
exposure e f fec ts  on fat igue behavior. 
specimens are mounted i n  an outdoor device ( re f .  9) and heated t o  330° F. 
Fatigue cycles a re  applied i n  appropriate numbers t o  produce f a i lu re  i n  1 t o  
2 years if  the outdoor exposure had no effect .  
t o  cool before they are subjected t o  fatigue loads i n  order t o  allow dew t o  form 
on them and w i l l  a l so  be cool during ra in  and snow storms. 

I n  one series,  several dozen cantilever 

The specimens w i l l  be allowed 

I n  the  second project, a number of sheet specimens a re  subjected t o  
Means axial l o a d s  and temperatures programed t o  simulate supersonic f l i gh t s .  

f o r  compressing the  time required t o  conduct such t e s t s  without compromising 
r e l i a b i l i t y  w i l l  be sought. 
l i c  loading devices apply the required loads t o  long s t r i p  specimens with cen- 
t ra l  notches at s i x  different cross sections, 
is aczmiplished by a curve-following sensor. lbphasis w i l l  center on titanium 
alloys i n  the i n i t i a l  ser ies .  

Ten tes t ing  machines with servo-controlled hydrau- 

2 ~ g ~ ~ j . i - g  uf load and temperature 

B. Cumulative Damage 

Studies of fa t igue behavior under complex time h is tor ies  of s t r e s s  
a re  continuing. A servo-controlled hydraulic t e s t ing  machine programed by 
punched cards has been constructed. 
vidually adjustable load  levels  i n  any desired sequence. 
device that  i s  being instal led,  the  device i s  expected t o  operate at  rates  up 
t o  at least  30 cycles per second. The nominal load capacity i s  20,000 pounds 
(8.9 kilonewtons). 

This uni t  can schedule 55 discrete,  indi-  
With a new memory 

Recent resu l t s  of t e s t s  conducted i n  t h i s  device have shown that the  
ground-air-ground cycle and other negative loadings can produce reductions i n  
l i f e  tha t  a r e  much greater  than would be expected from current theories of 
cumulative damage. The e f fec t  i s  more severe when the negative load cycles a re  
applied i n  f l ight-by-fl ight sequence rather  than i n  blocks (ref.  10). 

In another investigation, t e s t s  have been conducted with four differ-  
ent random time h is tor ies  of s t r e s s  and w i t h  "equivalent" s t r e s s  schedules based 
on various counting procedures ( re fs .  ll and 12) .  
cedures were described by Schijve. Some of the companion t e s t s  were conducted 
with the  significant s t r e s s  peaks applied i n  the  same sequence as was used i n  
the random time h is tor ies .  These t e s t s  showed t h a t  the s t r e s s  f luctuat ions 
eliminated by counting only the  maximum peaks between zero crossings or  by 
ignoring fluctuations smaller than 8 percent of the maximum al ternat ing s t r e s s  
applied had l i t t l e  o r  no effect  on t o t a l  l i f e .  
t e s t s  conducted with schedules based on analysis by other counting procedures 
produced only minor e f fec ts  on l i f e  with one exception. Tests conducted w i t h  
s t a t i s t i c s  based upon amplitudes only, but with a l l  means reduced t o  the common 
overall  mean required a somewhat la rger  number of cycles t o  fa i lure .  
resu l t  agrees with Kowalewski's data.  Surprisingly, r e su l t s  of block t e s t s  con- 
ducted with more elaborate programs involving some 30 combinations of mean and 
al ternat ing s t resses  did not correlate well w i t h  the  r e su l t s  of the random load 
t e s t s .  No systematic trend w a s  evident. 

Most of t he  counting pro- 

Similarly, r e su l t s  of block 

This 
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A high-speed hydraulic fatigue t e s t  device has been ins ta l led  recently 
at  the Langley Research Center. Its important features follow: 

Maximum frequency 
Maximum force 
Maximum displacement 
M a x i ~ u m  r a t e  of head motion 

400 cps 
13,000 l b  (67 kilonewtons) 
+1 in .  (2.54 cm) 
50 inches per second (1.27 m per 

sec) 
Response t o  random input f la t  t o  230 cps 
Range of specimen s t i f fnesses  

f o r  optimum response 2 x 105 t o  7 x 1 9  lb/in.  
(350 t o  1230 kilonewtons/cm) 

The uni t  i s  programed from a random noise generator with seven se t s  of peak- 
notch f i l t e r s  t o  shape the power spectrum of loads applied, o r  a tape record 
may be used. The programer a l so  has constant-frequency and automatically con- 
t r o l l e d  frequency-sweep osc i l la tors .  

C. P las t ic  Stresses at Notches 

A fundamental study i s  under way of loca l  p l a s t i c  action a t  notches i n  
aluminum-alloy specimens subjected t o  repeated loads. The specimens a re  sub- 
jected t o  constant-amplitude axial loads. Both repeated tension ( R  = 0) and 
completely reversed (R = -1) loadings have been used. 
u n t i l  l oca l  s t r e s s  conditions stabil ized, usually i n  30 t o  50 cycles. Local 
s t r e s s  h i s to r i e s  were determined by recording loca l  s t r a i n  h is tor ies  during 
cycling and reproducing these h is tor ies  i n  simple unnotched specimens. The 
fat igue l i v e s  f o r  the notched specimens were estimated from stabi l ized loca l  
s t resses  and an alternating-versus-mean-stress diagram f o r  unnotched specimens 
of the same material. These predictions compared favorably with l i ves  from S-N 
data  f o r  the  notch configuration tested.  

Load cycling is  continued 

In  addition, an expression was developed f o r  calculating loca l  p l a s t i c  
s t resses .  An acceptable correlation was obtained between predicted s t resses  
and s t resses  observed during the first cycle of loading (ref. 13). (Copies of 
t h i s  paper have been sent t o  the ICAF Executive Secretary f o r  d i s t r ibu t ion  as 
I C A F  documents . ) 

NASA research on acoustic fatigue i s  conducted i n  a group tha t  a l so  
has responsibil i ty f o r  studying s t ructural  response t o  acoustic and vibration 
environments and the r e l i a b i l i t y  of equipment exposed t o  such environments. 
The programs are  i n  support of both the space and advanced a i r c ra f t  development 
programs. Current emphasis i s  placed on defining the  acoustic environments 
generated by large booster engines and by supersonic f l i g h t  i n  the  atmosphere 
( re fs .  14  t o  17). 
intense noise at  frequencies below 50 cps including subaudible frequencies . 

Special a t tent ion has been directed toward the e f fec ts  of 

A new f a c i l i t y  designed for  tes t ing at low frequencies has been 
placed i n t o  operation a t  the Langley Research Center ( r e f .  18). This f a c i l i t y  

3 



consists of a 24-foot-diameter by 20-foot-long t e s t  chamber equipped with 
14-foot-diameter hydraulically actuated loudspeaker and a movable w a l l  f o r  
tuning purposes. 
manned spacecraft. 

I 

The f a c i l i t y  i s  man-rated and i s  of suff ic ient  s ize  t o  t e s t  I 

Studies associated with s t ruc tura l  response and fatigue have deal t  
with structures ranging from simple panels t o  complex spacecraft packages i n  an  
operational condition ( re fs .  19 and 20). 
made of simple aluminum panels and of advanced structures fabricated by tech- 
niques specially intended f o r  the  high-speed f l i g h t  conditions. 
been directed toward development of f a c i l i t i e s  fo r  simulating acoustic input 
environments combined with elevated temperature of supersonic atmospheric f l i gh t .  
The combined acoustic and vibration environments of a missile guidance computer 
during launch l i f t o f f  have been successfully simulated i n  the laboratory with 
the use of an air j e t  t o  generate the er=..iroriiie~~is (ref. 21). 

Response and fatigue studies have been 

Attention has 

The Langley f a c i l i t i e s  are  a lso used t o  study behavior of building- 
type structures and physiological and psychological studies of man i n  intense 
noise ( refs .  22 and 23). I n  addition t o  studies i n  discrete-frequency noise and 
i n  random noise, there a re  a l so  studies dealing w i t h  e f fec ts  of acoustic loading 
of the impulse type such as resu l t s  from the sonic boom ( re f s .  24 and 25). 
Other papers writ ten by the group or  under t h e i r  sponsorship a re  l i s t e d  as ref- 
erences 26 t o  28. I 

I ~ 

E. Definition of Load Environment 

Since the  Symposium 2 years ago, research has continued i n  the area 
of repeated loads on a i r c r a f t .  
i n  references 29 t o  37. 
environment i n  severe storms and a t  high a l t i tude .  References 31 and 32 pro- 
vide summaries of repeated loads measured on commercial transport  airplanes 
during routine operations. Experimental and ana ly t ica l  resu l t s  pertaining t o  
repeated loads caused by runway roughness a re  given i n  references 33 and 34. 
References 35 t o  37 contain resu l t s  having a bearing on the repeated loadings 
of helicopters. 

The resu l t s  of some of t h i s  research a re  given 
References 29 and 30 present resu l t s  on the turbulence 

F. Construction of New Fatigue Research Laboratory 

A new fatigue tes t ing  laboratory building i s  being constructed at 
Langley Research Center. The building covers 24,000 square ft (2500 Sq m),  
most of which w i l l  be air  conditioned. 
(16 X 30 meters) bay w i l l  be equipped t o  handle fatigue t e s t s  O f  Structural  
specimens a t  elevated temperatures. 
w i l l  be taken from an existing 10-megawatt power supply which i s  par t  of the 
present Structures Research Laboratory. The air-conditioned laboratory space 
w i l l  house existing and planned tes t ing  devices f o r  fa t igue and s t a t i c  t e s t s .  
Trenches i n  the f loor  w i l l  f a c i l i t a t e  d i s t r ibu t ion  of power, cooling water, air, 
and hydraulic pressure from a central  pumping s ta t ion .  
ready fo r  occupancy by the Fa l l  of 1966. 

A 50- by 100-foot non-air-conditioned 

E lec t r i ca l  power f o r  heating the specimens 

The building should be 
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I 11. . U.S. AIR FORCE RESEARCH 

The fatigue program of the  U.S. A i r  Force encompasses a broad range 
of topics including some mechanism work a t  one end of the  scale t o  the refine- 
ment of fa t igue analyses a t  the other. 
whole has been and i s  t o  bring about an improvement i n  the prediction of struc- 
t u r a l  fatigue performance and systems operational l i f e .  

The p r imary  goal of the program as a 

I A. A i r  Force Materials Laboratory 

I Several individual projects are  under way t o  produce analytical  pro- 
cedures f o r  predicting mechanical behavior (fatigue) of s t ruc tura l  materials 
by relat ing metallurgical and/or physical factors.  The role  of i n t e r s t i t i a l  
solute elements i n  s t r a i n  aging phenomena, f o r  example, i s  being c la r i f ied  f o r  
titanium, tantalum, and i ron ( r e f .  38). Several aspects of elevated tempera- 
t u re  behavior a re  a l so  under study, including s t r a i n  ra te  effects  i n  aluminum 
and the superalloys L-605 and Ren6 41 ( re fs .  39 and 40), e f fec t  of low pres- 
sures ( p a r t i a l  vacuum) on the crack propagation and stress-accelerated oxida- 
t i on  of molybdenum, and the e f fec t  of loading curve shape on crack propagation 
r a t e  and fat igue l i f e  ( r e f .  41) .  

It has been shown tha t  below 25 percent of the melting temperature 
controlled 

I of some metals, the e f fec t  of a combined creep-fatigue loading is  
by the fatigue component, above about 75 percent, the creep component predomi- 
nates, and between these l i m i t s ,  the fa i lure  mechanism involves a combination 
of the  two ( r e f s .  42, 43, and 44). Study of the  mechanisms i s  continuing. 
Recent resu l t s  of thermal fatigue research indicate tha t  thermal fatigue l i f e  
(of Nimonic 8 0 A  and PH 15-7 Mo s ta inless  s t ee l  i n  t h i s  case) is  a function of 
the  width of the first hysteresis loop regardless of specif ic  t e s t  conditions 

of cer ta in  consti tutive equations governing nonlinear cyclic s t ress-s t ra in  laws 
( re f .  46). Studies a re  being conducted of the dislocation density, dynamics, 
and type associated with the immediate vicini ty  of an advancing crack i n  rela- 
t i o n  t o  areas some distance removed. Electron fractographic and transmission 
techniques a r e  employed ( re f .  47). 
revealed t h a t  work hardening ra te  i s  affected somewhat; however, t o t a l  fatigue 
l i f e  remains essent ia l ly  unchanged. Finally, a program i s  jus t  gett ing under 
way t o  develop a micromechanical theory t o  represent the fatigue and fracture  

being expended on the  development of techniques f o r  fatigue (as  well as creep) 

University, New York, has developed a theory ( re fs .  45 and 50) and i s  currently 
analyzing f l i g h t  loads data, s t ruc tura l  component s t a t i c  and fatigue data, and 
ful l -scale  s t ruc tura l  t e s t  information i n  a program designed t o  verify h i s  
theore t ica l  procedures and indicate where modifications w i l l  be necessary 
( re f .  51). The search fo r  appropriate data from both foreign and domestic 
sources i s  continuing. 

I ( r e f .  45). Current work i s  a l so  under way on the  development and modification 

A study of proton i r radiat ion of metals has 

I behavior of metal-matrix composite materials systems. Extensive e f for t  i s  

I r e l i a b i l i t y  estimation ( re f .  48). Professor A. M. Freudenthal, Columbia 

The Materials Laboratory is  continuing a research program on several 
aspects of vibration and damping i n  mater ia l s  and s t ruc tura l  composites related 
t o  the  acoust ical  fatigue problem i n  high-speed turbojet  and rocket vehicles. 
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Included i n  the studies a re  investigations of s t a t i s t i c a l  properties of the. 
acoustic excitation, response of s t ruc tura l  elements, damping behavior, and 
new and special concepts and techniques f o r  increasing damping ( r e f s .  52 t o  64). 
A t  present, acoustical  f a t i m e  evaluation i s  being made of the performance of 
s t ructural  elements containing highly damped jo in ts  a t  elevated temperatures. 
These elements have been b u i l t  from design procedures optimized with respect t o  
damping capacity and fatigue strength. Further modification i n  design w i l l  be 
dictated by resul ts .  
and working constructions fo r  increasing the damping properties of structures.  

Work i s  continuing on the development of new concepts 

The Second International Conference on Acoustical Fatigue was spon- 
sored and conducted by the AFML i n  April 1964. 
be available i n  June 1965 (ref. 65). 

The conference proceedings w i l l  

The construction of the  RTD Sonic Fatigue Fac i l i ty  a t  Wright- 
Patterson A i r  Force Base is  nearing completion. 
first, t o  contribute t o  the prevention of sonic fatigue by enabling the  accumu- 
l a t ion  of knowleae of the f r a g i l i t y  levels  of structure and, second, by 
enabling the proof tes t ing  of the f i n a l  design. 

This f a c i l i t y  i s  expected, 

The RTD Sonic Fatigue Fac i l i ty  consists of two t e s t  chambers in to  
which high-intensity sound i s  introduced by s i rens .  
provided for each test chamber. 
provided t o  service e i ther  t e s t  chamber. 

An a i r  supply system i s  
Data recording and data analysis equipment i s  

The most important technical character is t ics  of the  t e s t  chambers and 
associated equipment a re  now described with the large chamber being discussed 
first . 

The large chamber air  supply system provides a high volume flow of 
air  (3OO,OOO cfm, 29.3 ps ia  pressure) f o r  actuating the sound generation system. 
The compressor which supplies the  foregoing airflow i s  powered by a 40,000 hp 
motor and its associated e l ec t r i ca l  system. The a i r  supply system a lso  includes 
means f o r  controlling the humidity and temperature of the  a i r  i n  order t o  pro- 
vide air  within the l i m i t s  required f o r  maximum generation of sound and the  
operating l i m i t s  of the tes t ing  device. 

The main t e s t  chamber has i n t e r i o r  dimensions of 70 f e e t  by 56 f ee t  
This i s  a double she l l  chamber especially designed t o  withstand 

There a re  two modes of operation, reverberant and 
A m a x i m u m  sound pressure l eve l  of 160 dB re 0.0002 dyne/cm2 w i l l  be 

by 42 f ee t .  
t he  acoustic environment. 
anechoic. 
obtained throughout the  chamber i n  the reverberant mode of operation. 

There a re  25 two-foot-diameter low-frequency s i rens  in s t a l l ed  i n  a 

Nine 1-foot-diameter 14-foot by le- foot bank i n  the large t e s t  chamber w a l l .  

high-frequency sirens a re  ins ta l led  i n  a movable bank. 
covers a frequency range of 50 t o  2400 cps with maximum power output of 
40,000 watts. 
10,000 cps with maximum power output of 10,000 watts. 
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The instrumentation system provides the capabili ty t o  record 72 chan- 
nels of microphone, s t r a i n  gage, or  accelerometer data simultaneously. By the 

recorded. 
analysis i n  the f a c i l i t y  data analysis system. 

I use of time-sharing on 30 channels, 342 separate transducer outputs may be 
Data obtained from t e s t s  a r e  recorded on analog tape and held f o r  

The data analysis system provides the capabili ty t o  analyze the  
experimental data d i rec t ly  in to  forms suitable f o r  use i n  theore t ica l  analysis 
and establishment of c r i t e r i a .  These analyses include: amplitude probabili ty 
density, cross correlation, auto correlation, power spectral  density, and one- 

the data f o r  fur ther  analysis on an IBM 7094 d i g i t a l  computer. 
I t h i r d  octave band spectra. An analog t o  d ig i t a l  conversion system can prepare 

The small t e s t  chamber i s  located within the f a c i l i t y  complex and 
provides capabi l i t ies  similar t o  the large chamber but greatly reduced i n  s ize .  

I The small test  chamber a i r  i s  supplied by a compressor capable of pro- 
viding 10,700 cfm of a i r  at  45.7 psia. 
similarly t o  the  large t e s t  chamber air system. 

Humidity and temperature are controlled 

The small t e s t  chamber provides a 1-foot by 1-foot t e s t  section f o r  
progressive wave t e s t s .  A 13-foot by 8-foot by 7 2 -  foot termination room can 

be used f o r  reverberant t e s t s .  
0.0002 dyne/cm2 can be obtained i n  the  progressive wave t e s t  section. 

A sound pressure l eve l  of 174-dB r e  

1 
One high-frequency s i ren  and one low-frequency s i ren provide the 

acoustic input f o r  the s m a l l  t e s t  chamber. 

Twelve channels of the large chamber instrumentation system can be 
used, o r  the special  small chamber instrumentation system can be used f o r  a 
t e s t .  This system provides a wave analyzer, spectrum analyzer, phase meter, 
counter, f i l t e r s ,  RMS meters, oscilloscopes, one-third octave band analyzer, 

I and a d i rec t  reading s t r a i n  indicator. 

The existence of these two t e s t  chambers provides the  capabili ty t o  
conduct many different types of high-intensity noise t e s t s .  Small research 
t e s t s  involving electronic  components, mechanical systems, or  human beings can 
be conducted at the same time as  fu l ly  instrumented full-scale t e s t s  of com- 
p l e t e  missiles o r  uiqjor s t n e t u r a l .  sect ims of larse a i r c ra f t .  
i s  proving t o  be of great  value i n  solving high-intensity noise problems 
encountered by the A i r  Force. 

This f l e x i b i l i t y  

Recent publications regarding sonic fatigue are l i s t e d  as refer- 
I ences 66 t o  75. 

General Dynamics/Convair, under contract AF 33(615)-2116, has been 
conducting tests t o  determine the e f fec ts  of high loading on the subsequent 
fa t igue l i f e  of ax ia l ly  loaded aluminum-alloy specimens prepared with Chrome- 
i t e  f i n i sh .  Preliminary t e s t s  had shown that  the  fatigue l i f e  of 7075-T6 can 
be improved more than 10 times i n  the  maximum s t r e s s  range 27,000 t o  40,000 psi  
by the  appl icat ion of t h i s  very th in  (0.0002 in . )  surface f in i sh  which i s  a 
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proprietary process of the Chrome-ite Co. of Gardena, California. 
of the  Convair e f for t  have ver i f ied tha t  fatigue l i f e  i s  about t en  (10) times 
tha t  of uncoated specimens f o r  2024-T3 axial ly  loaded unnotched specimens. 
2024-T3 data had an unusually small spread of results at  a maximum s t r e s s  of 
40,000 psi ( R  = 0) where a l l  four ( 4 )  resu l t s  were between 2.7 X 10 6 and 

3.4 x 106 cycles. 
t o  insufficient control on coating uniformity. The 2024-T3 specimens were a l so  
tes ted  with various preloads ranging from 45,000 t o  65,000 ps i .  
cer ta in  preloads remove benefi ts  due t o  Chrome-ite plating; however, i n  no case 
does the l i f e  appear l e s s  than fo r  specimens without Chrome-ite. 
t e s t ing  w i l l  f i n i sh  the unnotched studies and evaluate the  behavior of Chrome- 
i t e  on notched specimens. 
A u g u s t  of 1965. 

Early reSults * 

The 

The 707>-T6 resu l t s  were not as good, however, due possibly 

A s  anticipated, 

Subsequent 

The f i n a l  report w i l l  be ready f o r  dis t r ibut ion by 

i n  the area of ful l -scale  testing, the resu l t s  of three e f fo r t s  have 
been published since the last  meeting ( r e f s .  76 t o  78). 

111. U.S. NAVY AERONAUTICAL STRUCTURES LABORATORY 

A. Structural  Fatigue Research 

The laboratory and theore t ica l  fatigue investigations conducted by 
the  Naval A i r  Engineering Center, Aeronautical Structures Laboratory (ASL) are  
concerned primarily with the  development and ver i f icat ion of (1) fat igue l i f e  
prediction methods and (2)  s t a t i s t i c a l  r e l i a b i l i t y  methods as  applied t o  struc- 
tures .  Emergency laboratory s t ruc tura l  fatigue investigations and development 
work i n  connection with specif ic  s t ruc tura l  problems ar i s ing  i n  f l e e t  a i r c r a f t  
a re  a l so  performed. 

Full-Scale Structures 

A summary of recent data from t e s t s  of ful l -scale  s t ructures  i s  
included i n  reference 79. More recent ful l -scale  data are contained i n  ref- 
erence 80. 
however, the spectrum loading data, except f o r  t ha t  i n  reference 80, a r e  a l l  
f o r  one direction of loading. 
conclusions : 

Data fo r  both constant amplitude and spectrum loading a re  included; 

Analysis of t he  data  l ed  t o  the  following 

1. For f l l - sca le  structures the s c a t t e r  i n  lifetime was s m a l l  f o r  
l i ves  l e s s  than 10 sf cycles; the r a t i o  of maximum-to-minimum l ives  was l e s s  
than 2:l.  
jo in t  specimens. 

The sca t t e r  almost approaches tha t  obtained f o r  laboratory riveted- 

2. The Corten-Dolan cumulative damage hypothesis predicted l i ves  fo r  
unidirectional loading tha t  agree favorably with actual  tes t  resul ts .  The 
Miner-Pahgren l i nea r  rule was generally very conservative f o r  unidirectional 
loading and d id  not predict the effect  of spectrum changes on l i f e .  

Currently t e s t s  are under way t o  determine the  effect  of including 
load reversals i n  the spectrum. 
inclusion of a small number of reversals increased the  l i f e  appreciably; using- 

Limited r e su l t s  t o  date  indicate  t h a t  the 
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a f ighter  spectrum the median l i f e  increased from 760 hours t o  3530 hours, and 
using the spectrum f o r  attack-type a i r c ra f t  the l i f e  increased from a median of 
7820 hours t o  more than 40,000 hours ( t e s t  s t i l l  running). 
contrary t o  what one would expect based upon resul ts  of simple specimen t e s t s .  
Similar additional t e s t s  w i l l  be performed using a number of specimens of a 
different  structure.  Although the actual  reason f o r  the  pecul iar i t ies  of these 
resu l t s  i s  unknown, it is  conjectured tha t  the cause may be found by a study of 
the loca l  s t r a i n  his tory i n  a joint .  

These r e su l t s  a r e  

During the investigation of a service problem disclosed by a par t  
fa i lure ,  12 ident ica l  parts with approximately 1500 f l i g h t  hours of service 
were tes ted using spectrum loading. 
of these used parts were compared with the  t e s t  l i ves  of eight virgin par ts .  
The combined f a i lu re  ra te  plot  f o r  i n i t i a l  vis ible  cracking shows the  l i f e  
variation possible f o r  a number of ident ical  par ts .  

I 

The t o t a l  l i ves  t o  i n i t i a l  v i s ib l e  crack 

' 
An experimental program, reported in  references 81 and 82, has 

recently been completed t o  determine the comparative s t ruc tura l  characteris- 
t i c s  of a glass  f i b e r  reinforced p l a s t i c  structure and i t s  metal prototype. 
resu l t s  demonstrated a large (>8x) increase i n  fatigue l i f e  of the glass  f i b e r  
reinforced p l a s t i c  structure over the metal prototype; however, t h i s  was 
obtained with an ear ly  development glass  f iber  reinforced p l a s t i c  structure,  
which was heavier than i ts  metal counterpart. 
reduce the weight of the glass  f ibe r  reinforced p l a s t i c  structure t o  be com- 
pe t i t ive  on a strength/weight basis with conventional construction. 

The 

Further development i s  needed t o  

Simulated Structures 

Constant- and variable-amplitude fatigue t e s t s  a re  being performed on 
The objective of t h i s  program is  t o  7075-T6 aluminum-alloy box-beam specimens. 

determine the  e f fec ts  on fatigue l i f e  of type of spectrum, l i m i t  load stress 
level,  block size, sequence of loading, and the inclusion of s t r e s s  reversals.  
The resu l t s  of the Phase I t e s t s  led  t o  the conclusion that  block s ize  and 
s t a t i c  margin of safety ( o r  l i m i t  load s t ress  l eve l )  have a significant e f fec t  
on l i f e  f o r  load spectra having only positive loadings and with fixed sequence 
lo-hi loading. 
cumulative damage hypotheses since these hypotheses ignore sequence of loading 
and block s i ze  as parameters. 

The e f fec t  of block s ize  i s  not predictable by currently used 

I Basic Research 

The increase i n  l i f e  of a Full-scale structure result ing from the 
addition of negative loading t o  the  f l i gh t  loads spectrum and the effect  of 
block s i ze  noted i n  the box-beam tests cannot be substantiated by existing 
knowledge. I n  the  hope tha t  these resul ts  might be explained by consideration 
of t he  l o c a l  s t r a i n  his tory two programs have been undertaken t o  measure local  
behaviors. 

One is  a theore t ica l  and experimental investigation t o  determine the 
cyclic s t ress -s t ra in  behavior and fatigue properties of a i r c ra f t  metals being 
performed under contract by the University of I l l i n o i s  w i t h  Prof. Jo  Dean 
Morrow as t h e  principal investigator. Both constant-strain and constant-stress 

9 



behavior w i l l  be investigated i n  the p l a s t i c  range f o r  both unidirectional bnd 
reversed stressing. The study of cycle-dependent s t r e s s  relaxation i s  of par- 
t i c u l a r  importance since it i s  related t o  the relaxation of residual stresses 
i n  a structure as a resu l t  of' repeated loading. 

* 

I 

The second i s  an in-house experimental investigation of the cycle- 
dependence of the s t r a i n  f i e l d  around open and f i l l ed ,  but unloaded, holes i n  
a quasi-infinite plate  under plane s t ress .  

Test Methods 

Under contract with the Hughes Tool Company, Aircraft  Division, a 
method was developed f o r  performing rotor  blade fatigue t e s t s  during whirl t e s t s  
by ins ta l la t ion  of rotor excitation panels iinderr,ez.%h the i 'Gtwr '  disc.  
rea l l l t s  cr? tile i n i t i a l  investigations are  contained i n  references 83 and 84. 
Present work is  t o  generalize the resu l t s  t o  rotors with any number of blades 
and sol idi ty .  

The 

Crack Detection 

Various crack detection methods and equipment a re  evaluated during 
fatigue t e s t  programs f o r  the purpose of obtaining simple and re l iab le  methods 
fo r  detection of cracks i n  major structure.  
i s  the  extremely rapid crack propagation r a t e  f o r  current materials and methods 
of construction, which necessitates detection of cracks as small as 1/32 inch 
i n  length. Investigations of the f eas ib i l i t y  of using infrared and radioactive 
t r ace r  methods ( re fs .  85 and 86) have been conducted but the resu l t s  of these 
invest igat ionsindicate  tha t  f o r  the current state of the  a r t ,  these methods 
would be no more successful i n  detecting small cracks i n  metal structures than 
currently used dye-penetrant and electromagnetic methods. 

The greatest  d i f f i cu l ty  encountered 

Special F'ubli cat ions 

A review of laboratory s t ruc tura l  fa t igue t e s t  data and service 
experience with actual  structures indicates t ha t  t he  majority of f a i lu re s  a re  
caused by the lack of appreciation of t he  importance of the fat igue problem on 
the part of d e t a i l  designers, production personnel, and inspectors. The Navy 
had two publications prepared f o r  educational purposes. 
prepared primarily fo r  production, inspection, and maintenance personnel. 
(Copies of t h i s  publication have been submitted f o r  use as an ICAF document. ) 
The second, a technical book prepared by D r .  H. J. Grover of Bat te l le  Memorial 
Ins t i tu te ,  is an engineering review of fa t igue and contains an extensive bib- 
liography. 

One ( r e f .  87) was 

The book i s  being reviewed and should be available l a t e r  t h i s  year. 

Reference 88 covers the problems concerning attainment of r e l i a b i l i t y  
i n  airframe structures and delineates methods whereby t h i s  goal may be achieved. 

B. Environments Research 

A fleet-wide s t a t i s t i c a l  survey of a i r c r a f t  s t ruc tu ra l  fa t igue based 
on f l i g h t  VGH recorder load his tory data from operational a i r c r a f t  i s  being 
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'conducted by the Naval A i r  Engineering Center, Aeronautical Structures 
Laboratory. 
from j e t  attack and f igh ter  a i r c ra f t  have been analyzed and reported. 
of these surveys a re  published i n  references 89 and 90. 

Approximately 3000 f l i g h t  hours of oscillograph maneuver his tory 
Results 

A study of helicopter flight-loads environment based on an 8-channel 
recorder i s  a l so  being conducted. Since fatigue-sensitive components of hel i -  
copter s t ructures  a re  not always a function of maneuver loads a search i s  being 
made t o  es tabl ish which f l i g h t  parameters are most useful i n  fatigue surveys. 
Reference 91 covers a preliminary study i n  t h i s  area. 

I 

A second survey i s  carried out by a counting accelerometer mounted 
at  the center of gravity and an indicator which i s  read on a monthly basis. 
A l l  f i r s t - l i n e  service a i r c ra f t  w i l l  soon have a counting accelerometer as a 
permanent par t  of the  a i r c ra f t  equipment. 
were equipped with counter systems. Approximately 3OO,OOO hours of counting 
accelerometer data  from 20 models of naval a i r c ra f t  have been reported and 
analyzed t o  date ( re fs .  92 t o  94). S t a t i s t i c a l  analysis of service a i r c r a f t  
load h is tor ies  reveals a wide difference i n  the individual h i s tor ies  of such 
a i r c ra f t .  Seasonal load-rate changes also have been observed. Changes i n  
weapon system mission assignments of a given model a i r c r a f t  often resu l t  i n  
s ignif icant ly  different  load his tor ies .  Knowledge of these changes i n  the 
flight-loads environment i s  an important consideration i n  the assignment and 

As of January 1, 1965, 1800 a i r c ra f t  , 
' 

I use of service a i r c ra f t .  

I 

It i s  expected tha t  the VGH recorder data and counting accelerometer 
data combined with service experience and s t ructural  fatigue t e s t  resu l t s  can 
be combined t o  establish the c r i t e r i a  f o r  extending the useful l i f e  of an air- 
c ra f t  and t o  b e t t e r  predict airframe s t ructural  r e l i ab i l i t y .  

The laboratory col lects  approach and landing data of naval a i r c r a f t  
during f i e l d  and ca r r i e r  operations i n  order t o  obtain s t a t i s t i c a l  data on the 
parameters t h a t  define the  environment. The data  a re  obtained through use of 
a specially designed 70-mm camera system. sinking 
speed f o r  each gear, horizontal speed a t  touchdown, wing l i f t  factor,  airplane 
pi tch and roll angles, off-center distance, glide-path angle, touchdown distance 
from ramp, and flight-path, sideslip,  and engagement angles. 

The major parameters are: 

Diese eixirc?r.ment,al data a re  used f o r  both the solution of s t ruc tura l  

I n  addition, these data 
landing problems on operational a i rc raf t  and the  fmm~la t icn  of requirements 
f o r  the  s t ruc tu ra l  design and tes t ing  of new a i r c ra f t .  
have been used t o  evaluate various landing-aid systems and t o  develop improved 
ca r r i e r  p i l o t  techniques. 

The photographic records are obtained without interference t o  f i e l d  
o r  ca r r i e r  operations, and no ins ta l la t ion  of equipment on the observed a i r -  
craf t  i s  required. The photo measurements do not a f fec t  t he  landing process 
because p i l o t s  a r e  usually unaware of the presence of survey equipment. 
of these surveys are published i n  references 95 through 99. 

Results 

11 



J 

Because of the increased hazards of night operations, the laboratory 
i s  presently conducting research and development i n  an  attempt t o  f i lm night 
landings, and t o  compile s t a t i s t i c a l  night approach and landing data. 

I V  . INSTITUTE FOR THE STUDY OF FATIGUE AND RELIABILITY 

This I n s t i t u t e  w a s  established i n  the  Department of Civi l  Engineering 
a t  Columbia University and i s  sponsored jo in t ly  by the U.S. Navy and t h e  U.S. 
A i r  Force. Professor A. M. Freudenthal i s  i t s  Director. The I n s t i t u t e  engages 
the  services of a var ie ty  of investigators,  both U.S. and foreign, f o r  various 
periods of time. A summary of t h e i r  current projects follows. 

The pr incipal  emphasis of the  metal physics s tudies  has been on inves- 
t iga t ions  of t he  basic mechaniln cf fstig-ie of pure metals i n  tors ion at  various 
temperatures as well  as a study of the interact ion of fa t igue i n  creep and 
basic  mechanisms of cumulative damage. This study confirmed the  concepts devel- 
oped by Professor W. A. Wood over the  last few years concerning the  i n i t i a t i o n  
and the  propagation of fatigue.  
nif icant  fa t igue  damage along grain boundaries a t  room temperature as well  as 
the  in te r re la t ion  between fa t igue  damage and surface rumpling under la rge  s t r a i n  
amplitudes. 

The new development i s  the  observation of sig- 

A new development i s  the  discovery of t he  accumulation of second-order 
s t r a i n  under repeated cycling and the  correlat ion of such s t r a i n  accumulation 
with fatigue.  The second-order s t r a i n  accumulation, as a r e su l t  of which a 
specimen cycl ical ly  s t ra ined i n  tors ion  shows considerable elongation i s  very 
s ignif icant  i n  the  interpretat ion of various types of i n s t a b i l i t y  phenomena 
ar i s ing  i n  fa t igue as w e l l  as i n  the  in te rpre ta t ion  of t he  in te rac t ion  between 
fat igue and creep. 

Redundant mechanical systems subject t o  random fat igue loading a re  
investigated theore t ica l ly  as well  as with the  aid of a simple model consisting 
of 10 pa ra l l e l  bars subject t o  building fatigue.  
evaluated, a r e  supposed t o  throw some l i g h t  on the  significance of redundancy 
i n  "Fail-Safe" design under conditions of fa t igue as a function of t h e  ant ic-  
ipated operational l i f e  of t h e  s t ructure .  
completed i n  which the  r e l i a b i l i t y  of several  a i r c r a f t  s t ruc tures  f o r  which 
service records could be reconstructed has been numerically evaluated. 

The resul ts ,  which are being 

Also, an extensive study has been 

The publications of t h i s  I n s t i t u t e  a r e  l i s t e d  as references 100 
t o  115. 
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